In immunocytochemical studies, the phenotypic evaluation of tumor cells is often complicated by accompanying normal cells, representing the original tissue or infiltrating leukocytes. This holds particularly true for tissues with a great morphological and immunophenotypical variability, such as bone marrow. A method that identifies mitotic tumor cells by duomosomal aberrations and permits the subsequent immunophenotypical analysis was a fmt progress, demonstrated by Teerenhovi et al. However, the results are usually hampered by the low number of analyzable mitoses. We dem-Supported by the Schleswig-Holsteinische Krebsgesellschaft e. V.
Introduction
A variety of methods are available for the characterization of tumor cells. Of these, immunohistochemistry (1.2) and morphohistological analysis have been among the most commonly used techniques for many years. More recently, tumor cytogenetics (3,4), in situ hybridization (5-7), and molecular genetics (8) have contributed to a deeper insight into chromosome aberrations, gene rearrangements, or clonality of tumor cells.
Data obtained by these techniques could be interpreted much more effectively if more than one technique were applicable simultaneously to the same sample. This has been capitalized on in immunofluorescence double and triple (9) staining. Combination of in situ hybridization with immunohistochemical staining procedures was recently reported, providing a powerful means to analyze the immunophenotype of virally infected cells in tissue sections directly (10,ll) .
Techniques are desirable that unequivocally allow assignment of given cells to a tumor clone, and, at the same time, provide additional data on these individual cells, such as the immunophenotype. Tumor cytogenetic analysis is an appropriate means to detect tumor cells by uncovering chromosomally aberrant clones within heterogeneous cell populations. Chromosome aberrations could thus serve as markers to identify tumor cells, which subsequently could be further characterized by immunophenotyping on the singlecell level. However, the simultaneous demonstration of immunophenotype and karyotype of the same cell is tricky, since in standard cytogenetic preparations the morphological structure of the cell is destroyed in favor of a good chromosome banding quality. The use of mild hypotonic treatment of the cultured cells that preserves the cell membrane for an immunophenotypical analysis was originally introduced 1984 by Teerenhovi et al. (12) . This technique has been applied successfully in our laboratory for several years (4, 13, 14) (Figures la and Ib) . However, two technical problems result in a limited application of this method: (a) because of the usually low number of cultured tumor cells undergoing mitosis, only a few cells can be studied; (b) the insufficient spreading of chromosomes badly complicates the cytogenetic analysis and further reduces the number of analyzable cells. Here we report a new method that combines fluorescence immunophenotyping and fluorescence in situ hybridization using centromere-specific DNA probes on frozen cytospin preparations.
Materials and Methods
Cells. Cells were obtained from peripheral blood of healthy volunteers and from a lymph node of one male patient with malignant B-cell lymphoma. Cytogenetic analysis of the latter had revealed a supernumerary X-chromosome in addition to structural aberrations. Tumor Cytogenetic Analysis. Routine chromosome analysis was performed on PHA-stimulated blood lymphocytes and unstimulated shortterm bone marrow or lymph node cultures according to the standard technique (15) . During the last 30 min of culture time, cells were exposed to Colcemid (Boehringer Mannheim; Mannheim. FRG) in a final concentration of 0.05 pglml; hypotonic treatment was performed with 0.075 M KCI at 37°C for 15 min. followed by fixation with Carnoy's fixative (acetic acid:methanol, 1:3). For chromosome banding, a fluorescence R-banding technique (16) was used.
Simultaneous Demonstration of Karyotype and Immunophenotype. Preparations for the simultaneous demonstration of immunophenotype and karyotype were made from the same cultures as described above. To preserve the cell membrane and the cytoplasm of mitotic cells (which are destroyed by the standard procedure), we processed the cells according to Teerenhovi et al. (12), with our own modifications (13) . Briefly, after exposure to Colcemid for 2 hr, the cells were treated with the mild hypotonic solution described by Teerenhovi et al. (12) for 10 min at 37°C and cytocentrifuged for 10 min at 400 rpm using a Cytospin I1 centrifuge (Shandon; Frankfurt, FRG). Immunophenotyping of mitotic cells (APAAP method) was carried out as described by Schlegelberger et al. (14) . After evaluation of the immunophenotyped mitoses the slides were de-stained and re-fixed in Carnoy's fixative for at least 17 hr, and further processed for fluorescence R-banding (14) . The position and immunophenotype of the mitotic cells were documented before de-staining, since they had to be relocated after chromosome banding. De-staining was necessary because the precipitated substrate significantly diminished the chromosome banding quality.
In a few cases we performed immunofluorescence instead of immunocytochemical phenotyping (13) (Figures la and Ib). This method is less time consuming, since de-staining can be omitted. However, it is not sensitive enough to evaluate weakly expressed antigens unequivocally.
Combined Immunophenotype and In Situ Hybridization. For preparation of native (uncultured) cells, cytospins were prepared from uncultured mononuclear cells as described above; however, treatment with Colcemid and hypotonic solution were omitted. After air-drying for at least 2 hr the slides were stored at -20°C without fixation.
After thawing, frozen slides were fixed in acetone at room temperature (RT) for 10 min. Slides were incubated with the monoclonal antibody for 10 minutes at RT, followed by AMCA-or Texas red-conjugated goat antimouse and rabbit anti-goat antibodies (Jackson; West Grove, PA) for 30 min at 4'C. All incubations were followed by three 2-min washes in phosphate buffer (0.1 M NaH2P04, 0.1 M NazHP04, pH 8) at RT. Polyclonal antibodies were diluted 1:80 in PNM buffer (5% non-fat dry milk, 0.02% Na-azide in phosphate buffer).
We used the following monoclonal antibodies (MAb): antLCD8 (Leu-2), antLCD4 (Lcu-~), antLCD3 (Leu4), anti-IgM. All MAb were purchased from Becton-Dickinson (Heidelberg. FRG). Antibody dilutions in PNM buffer were optimized individually. Unrelated MAb were used for negative controls.
In situ hybridization was performed as described by Pinkel et al. (17), with modifications. Immunophenotyped slides were dehydrated in an ethanol series (70, 85, 99 ~01%) and incubated with proteinase K (Sigma; Deisenhofen, FRG) (0.5 pglml in 20 mM Tris-HC1, 2 mM CaC12, pH 7.5) for 7.5 min at 37'C. After two 2-min washes in 2 x SSC (0.3 M NaCI. 0.03 M Na-citrate, pH 7), slides were fixed in 4% paraformaldehyde for 10 min. washed twice for 2 min in 2 x SSC, and dehydrated in an ethanol series. Ten ~1 of hybridization mixture containing 55% deionized formamide (Merck; Darmstadt, FRG), 10% dextran sulfate (Sigma), 2 x SSC, 50 nglp1 sonicated salmon sperm DNA (Sigma), and 1 ngl pl biotinylated probe DNA were placed on the cell-harboring area of the slide and covered with a 14 x 14-mm glass coverslip. Biotinylated centromere-specific probes for the X-chromosome (DXZ1) and chromosome 3 (D321) were purchased from Dianova (Hamburg, FRG). After sealing with rubber cement, slides were denatured at 79'C for 3 min in a waterbath and hybridized at 37°C in a moist chamber for at least 2 hr. Enhanced hybridization time did not effect the signal quality in a range of2-72 hr. The procedure was Optimized by keeping the hybridization temperature constant at 37°C while the concentration of formamide in the hybridizationmixture was varied (45-65%).
Post-hybridization washes were carried out in three changes of 50% formamide in 2 x SSC, pH 7, at 45'C for 2 min each, followcd by briefwashes in 2 x SSC, pH 7, and phosphate buffer at RT.
For detection of biotinylated DNA the slides were incubated at 4'C with FIE-conjugated avidin DN (1500 in PNM buffer), followed by biotinylated goat anti-avidin antibody (1:200 in PNM buffer), followcd by a second incubation with FIE-conjugated avidin DN. Biotinylated antibody and FIE-conjugated avidin were purchased from Vector (Burlingame, CA). All incubations were followed by three 2-min washes in phosphate buffer.
Finally, slides were covered with antifade medium containing glycerol andp-phenylenediamine (Sigma). Microscopic evaluation was carried out with a Zeiss Axiophot microscope using appropriate Zeiss filter combinations (00 for Texas red, 09 for F I E , and 02 for AMCA). By simply changing the filter combinations, cells could be analyzed concerning immunophenotype and numeric chromosome aberrations.
Control Experiments. Cytospin preparations from one healthy young woman and one healthy young man were processed for combined immunophenotyping and in situ hybridization using centromere-specific probes for chromosomes X and 3. On each slide the number of hybridization signals was examined within 300 interphase nuclei to determine the specificity and sensitivity of in situ hybridization.
Results
Best results concerning morphological preservation, as well as the unequivocal interpretation of immunostaining and in situ hybridization signals, were obtained when native cytospin preparations were used. In these preparations the staining procedures of immunophenotyping and in situ hybridization did not affect each other's signal quality (Figures 2-5) . Therefore, the staining quality of both immunophenotyping and in situ hybridization corresponded well with single-stained conuol samples. Background staining was minimal in these preparations; positive and negative cells 
Figure 4. (e) Aggregated normal lymphocytes. CDCpositive (large arrow) and -negative (small arrow) cells can easily be distinguished (Texas red). (b) Same area as a, hybridized with D3Z1 (FITC). Two hybridization signals can clearly be detected in each cell by microscopic focusing. Due to the poor depth of focus not all hybridization signals can be demonstrated on the photograph. Arrows point to the same cells as in a.
Original magnification x 1200. Bars = 5 pm.
Figure 5. Lymph node cells from a male patient with malignant Btell lymphoma, immunophenotyped with anti-lgM (Texas red) and hybridized with DXZ1 (FITC). IgM-negative malignant cells (large arrow) with large nuclei show two hybridization signals, whereas only one signal can be detected in IgM-negative and one
IgM-positive normal cell (small arrows). Original magnification x 1200. Bar = 5 pm.
were easy to differentiate (Figures 3, 4a, and 4b) . Control experiments revealed that 98.5% of male nuclei exhibited exactly one X-chromosome hybridization signal, whereas only 90% of female cells had two signals. Ninety percent of male and female nuclei exhibited two signals for chromosome 3. In the remaining 10% of cells only one signal was detectable. This was most likely due to the fact that hybridization signals that were located close to each other could not be dlfferentiated unequivocally. False-positive signals were not found. The results are in agreement with previously reported hybridization data (18, 19) .
Hybridization signals could be easily detected by focusing (Figures 4a and 4b) . In many cells even chromatids could be differentiated by the appearance of two distinct fluorescent spots per hybridization signal (data not shown).
Cytospin preparations prepared according to the method of Teerenhovi et al. (12) gave slightly poorer results. Because of the diminished morphology of Colcemid-treated cells, which sometimes show damaged membranes and scattered cell debris, background staining after immunophenotyping was higher as compared with native preparations. However, hybridization signals could also be clearly detected in the majority of cells. In particular, within cloudy mitoses that do not allow the identification of individual chromosomes, we could easily determine the number of distinct chromosomes.
The strongest hybridization signals were obtained when we used FIX-conjugated avidin. In addition, Texas red and AMCA gave good results; however, the photobleaching was much more prominent as compared with FIX. Therefore, we used Texas red and AMCA for visualization of the immunophenotype, since for that purpose the staining intensity was always sufficient to analyze the antigen expression as well as to document positive cells by microscopic photography. Figure 5 demonstrates that our method is relevant to the examination of tumor cells. In the presented case of B-cell lymphoma, two morphologically distinct cell populations can be distinguished: malignant cells with large nuclei as well as normal-sized lymphocytes. In fact, only the cells with large nuclei show a supernumerary hybridization signal. It is demonstrated that the tumor cells are IgM negative, whereas one of the normal cells represents an IgM-positive B-cell.
Discussion
By combining fluorescence immunophenotyping and non-radioactive in situ hybridization with centromere-specific probes, individual tumor cells can be identified by the number of hybridization signals in the nuclei and consequently can be analyzed concerning immunophenotypical features. As Figure 5 demonstrates, normal and malignant cells can easily be differentiated using numeric chromosome aberrations as "tumor markers." This method requires a knowledge of the chromosome aberrations that characterize the investigated tumor clone. Therefore, standard cytogenetic analysis always precedes our investigations. Normal cells with the same antigens as the tumor cells can be clearly distinguished because they lack numeric chromosome aberrations. In contrast to the simultaneous demonstration of immunophenotype and karyotype described by Teerenhovi et al. (12) . our method is not restricted to metaphase preparations. Rather, it is applicable to interphase cells, which are usually available in unlimited numbers. Every single tumor cell can be analyzed individually, thus providing comprehensive data concerning the expression of Merentiation and activation antigens within the tumor cell population. Moreover, unequivocal data can be obtained even when the antigen expression is heterogeneous within the tumor population. Studies on tumor cell differentiation pathways which were formerly limited to in vitro investigations of tumor cell lines (20) can now easily be performed in situ on cytospin preparations. This holds particularly true for tissue samples that under physiological conditions exhibit great heterogeneity with respect to morphological and immunophenotypical features (e.g., bone marrow). Although normal bone marrow cells represent the entire pathway of differentiation from pluripotent stem cells to mature effector cells, even small numbers of tumor cells can be detected and characterized immunophenotypically.
One of the major advantages of this method, compared with the simultaneous demonstration of immunophenotype and karyotype, is the possibility to investigate native cell preparations. During the culture time tumor cells can alter their immunophenotype, and reactive cells may overgrow the malignant clone. In contrast, native cells correspond with the original tumor regarding their immunophenotype. Moreover, normal and malignant cells remain in their original proportion.
Using fluorescence detection systems, the evaluation of both immunophenotype and in situ hybridization signals is rapidly performed by simply exchanging the filters of the fluorescence microscope. Immunocytochemical staining procedures, such as APAAP or PAP, are not suitable for combined immunophenotyping and interphase cytogenetics: after evaluation of the immunophenotype they require de-staining of the immunoprecipitate before in situ hybridization. However, it is impossible to determine the exact position of individual interphase cells via the Vernier scale. Therefore, they can hardly be re-located after in situ hybridization, particularly when large numbers must be analyzed. Recently, a method for combined fluorescence immunophenotyping and interphase cytogenetics was reported that enables determination of the immunophenotype of chimera in sex-mismatched transplantations (21) . However, the procedure requires immunophenotyping in suspension before the cytospin preparation. This technique is not applicable in the field of investigation introduced in this article, since a precise diagnosis-which is necessary for the appropriate choice of monoclonal antibodies-is normally not available when fresh biopsies arrive in our cytogenetic laboratory. A practical alternative to fluorescence labeling might turn out to be the combination of immunogold-silver and p-galactosidase labeling, which was previously described for combining immunophenotyping and in situ hybridization of virus DNA (11) .
At present our studies are mostly limited to tumors with numeric chromosome aberrations, since only a few probes are available that are appropriate for detection of structural aberrations within interphase cells. We hope that such probes, e.g., from YAC or cosmid clones, will soon be widely available. 
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